The scaling down of electromechanical devices from micrometer scales to nano scales is of great interest. This paper presents fabrication and characterization of sub-micron high aspect ratio metallic electrothermal actuators using a combination of electron beam lithography and electroplating techniques. A 1.2 µm thick SU-8 layer was used as a sacrificial layer and a 1 µm thick electron beam lithography-processed polymethyl methacrylate resist was used to form 3:1 aspect ratio sub-micron (minimum feature size of 350 nm) electroplated nickel electrothermal actuators. Such sub-micron electrothermal actuators were characterized by a nanomanipulator system in a scanning electron microscopy system. Electro-thermo-mechanical finite element analysis (FEA) of the actuator using ANSYS was carried out and the FEA results were in good agreement with the measured results. Displacements at the tip of the actuator of 370 nm were reproducibly observed with the applied voltages of 145 mV. This work can be applied to realize more sophisticated nano actuators which can manipulate sub-micron scale objects.
Introduction
Electrothermal actuators in micrometer scales have been widely investigated due to their relatively large displacement with low operation voltages for various applications. Different kinds of materials including polycrystalline silicon (polySi) [1, 2] , single crystalline silicon [3] and metals [4] have been investigated as structural materials for electrothermal actuators. Poly-Si has been widely used, but due to the dopants segregation into the grain boundary, the poly-Si thermal actuators suffered from electrical and thermal conductivity variations [5] . Since metals have larger thermal expansion coefficients, the metallic thermal actuator can operate with lower power consumption [4] .
The scaling down of microelectromechanical system (MEMS) technology to nanoelectromechanical systems (NEMS) has been gaining great interest for the past few years.
Such a trend is quite natural as the feature size of complementary metal oxide semiconductor (CMOS) integrated circuit (IC) technology scales down to sub-100 nm sizes. NEMS devices are of interest due to their possibility of realizing smaller mechanical, biological and chemical systems which can manipulate small objects with small forces and detect small changes. Many applications are envisioned with NEMS devices. Some of the interesting applications include high quality factor (>1000), high frequency (>100 MHz) electromechanical resonators [6, 7] and ultra high density data storage [8] to name a few. Studies on NEMS devices provide opportunity as well as challenges. The scaling down of MEMS leads to challenge in fabrication processes, characterization as well as understanding the physical and mechanical properties of the system.
The scaling down of electrothermal actuators from micrometer scales to sub-micron scales would be of interest since such electrothermal actuators would be an enabling technology to realize sophisticated nanomanipulation devices/systems. In this paper, we report the fabrication and characterization of sub-micron high aspect ratio metallic electrothermal actuators. Development of the fabrication process using electron beam lithography and electroplating technology for high aspect ratio metallic submicron structures is described. A method of characterization of sub-micron actuators using a nanomanipulator in a scanning electron microscopy (SEM) system is also described. In addition, finite element modeling (FEM) for sub-micron electrothermal actuators is described.
Design
The design of the sub-micron electrothermal actuator is purely scaling down of the U-shaped lateral electrothermal hot-arm cold-arm actuator which is also called 'heatuator' [1] . Figure 1 shows a schematic diagram of the sub-micron thermal actuator fabricated in this work. As is well known, when voltages are applied along the two probing pads, current is passed through the actuator from anchor to anchor, and the hot arm is heated to higher temperature than the cold arm due to the resistance difference. The temperature difference causes the hot arm to elongate more than the cold arm, thus resulting in lateral actuation toward the cold arm side. We designed two different types of heatuators. Their widths of the hot arm and cold arm are same, but their lengths are different. The type A actuator is longer (hot arm length of 38 µm) and the type B actuator is shorter (hot arm length of 24 µm). Table 1 summarizes the geometrical parameters of the two types of sub-micron electrothermal actuators. For laterally moving actuators, high structural thickness to the width ratio is preferable to suppress unnecessary displacement of the actuators along the out-of-plane direction. In this work, we used 3:1 aspect ratio structures which will give the out-of-plane displacement a factor of 9 harder than Q1 the in-plane displacement. Higher aspect ratio design would more effectively suppress the displacement in the vertical direction, but current technology we used allows us to realize the structural aspect ratios up to 3:1. Electroplated nickel-based actuators can be reliably operated until the hottest spot of the actuator is heated approximately up to 200
• C. If it is heated beyond 200
• C, the hottest spot of the actuator will go through localized material redistribution and a local plastic deformation will occur. As a result, the electrothermal actuator will show back bending behavior [1] . It is also possible to have a buckled hot arm structure by large temperature difference between the hot arm and the cold arm as reported by Enikov et al [4] . In order to avoid such hot arm buckling, careful design is needed for reliable operation.
An electro-thermo-mechanical FEM for the sub-micron actuator was performed using ANSYS. The material properties listed in table 2 were used to simulate the displacement and the temperature distribution of the actuator. It should be noted that material properties of the electroplated metals depend significantly on the various parameters used in the electrodeposition process. Material properties of electroplated films, therefore, have a wide range of values and sometimes they are substantially different from those of the bulk. For example, Young's modulus of the electroplated nickel could be in the range of 20-200 GPa [9, 10] , while that of the bulk is 200 GPa.
For the type A actuator, FEM results show that the maximum temperature of 200
• C would be generated along the hottest spot of the actuator (hot arm) with an applied voltage of 152 mV, which would result in a displacement of 241 nm. For the type B actuator (L HOT = 24 µm), FEM results show that the temperature of the hot arm would reach 200
• C with an applied voltage of 162 mV, which would generate 92 nm lateral displacement. Figure 2 shows the temperature distribution result of the FEM simulation for the type A actuator with the applied voltage of 152 mV, which shows the hot arm temperature of 200
• C.
Process optimization
Prior to the fabrication of the sub-micron electrothermal actuators, fabrication process development for the high aspect ratio polymethyl methacrylate (PMMA) patterned resist was carried out. The PMMA was spin coated at 4000 rpm for 1 min on an oxidized silicon wafer. The sample was baked at 170
• C for 30 min in a convection oven. Electron beam lithography was carried out with a LEO 1570 SEM equipped with the nanometer pattern generation system from JC Nabity Lithography Systems. The SEM was operated at a beam energy of 30 keV and a beam current of approximately 40 pA. The step size was set to 15 nm and the dose was adjusted by controlling the beam dwell time. In order to find the optimal conditions for high aspect ratio PMMA mold structures, the during the exposure process. After the electron beam exposure, the sample was developed in a 33% solution of methylethlykeptone (MEK) and isopropanol (IPA) for 7 min. Figure 3 shows the patterned PMMA resist mold structure. It shows that the width of the developed PMMA trench is approximately 300 nm with the thickness of 1 µm and the spacing of 1.2 µm. The sidewalls are slightly sloped and the PMMA mold structures show aspect ratios of greater than 3:1.
Nickel electroplating was performed to make high aspect ratio metallic structures with sub-micron features through the PMMA mold. The bath consisted of 450 ml Ni(SO 3 ·NH 2 ) 2 (nickel sulfamate), 37.5 g H 3 BO 3 (boric acid) and 3 g C 12 H 25 NaO 4 S (sodium dodecyl sulfate) in 1 l of de-ionized water. The electroplating bath was kept at a temperature of 55
• C during the electroplating process. The control of the intrinsic stress of the electroplated structures is crucial for the formation of sub-micron structures. High intrinsic stress may cause the curled up metallic structures. To minimize the intrinsic stress, an applied current can be adjusted during the electroplating process. In this work, a current density of 2 mA cm −2 was found to be the optimum value for the electroplating process with a deposition rate of 2 µm h −1 . Such low current density would also help us to grow very fine nickel grain which shows Young's modulus similar to that of the bulk nickel [10] . A resistivity of 15 µ cm with the electroplated Ni was also obtained using the four-point probe technique. Figure 4 shows a series of SEM images of the metal lines which were electroplated through PMMA molds that were prepared by different exposure doses. Figure 5 shows the electroplated metal line width as a function of the electron beam exposure dose. As the exposure dose increased from 140 µC cm −2 to 275 µC cm −2 , the width at the top of the metal line increased from 300 nm to 370 nm. With the same dose variation, the width at the bottom of the metal line increased from 350 nm to 570 nm. The bottom metal line was 17% wider than the top metal line with the exposure dose of 140 µC cm −2 and 54% wider with the exposure dose of 275 µC cm −2 . The widened bottom metal lines with high exposure doses are due to the electron scattering during electron beam lithography. With the electron beam exposure dose of 130 µC cm −2 or below, metal lines were partially or not completely formed because of the underexposed PMMA resist. sub-micron actuator patterning, respectively. The fabrication sequence is shown in figure 6 . The fabrication was started with the deposition of an electroplating seed layer of 5 nm chromium (Cr)/25 nm gold (Au) on an oxidized silicon substrate using a magnetron sputtering. Prior to SU-8 process, Omnicoat TM (MicroChem, Newton, MA) was spin coated and baked at 200
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• C for 1 min on a hotplate. Then, Nano [12] . After forming the SU-8 resist mold, electroplating of nickel was performed to form anchors. Then, another electroplating seed layer (5 nm Cr/25 nm Au) was deposited and PMMA was spin coated to obtain a resist thickness of approximately 1 µm. After electron beam exposure, the samples were developed in 1:3 MEK:IPA solution for 7 min. Prior to electroplating of nickel, the samples were further cleaned for 30 s by 100% oxygen plasma at 150 mTorr with a low incident power of 50 W using reactive ion etching (RIE). During this process, approximately 70 nm of PMMA was etched away. This RIE cleaning renders a clean seed layer surface, thus promoting adhesion between the electroplated layer and the seed layer. After the RIE cleaning of the resist mold, electroplating of nickel was performed and the PMMA resist was removed by RIE. Finally, microwave barrel plasma with 80% O 2 and 20% CF 4 and 500 W power was used to remove the SU-8 sacrificial layer to release the sub-micron featured metallic electrothermal actuators. Two types of the actuators with different hot arm lengths (L HOT = 24 and 38 µm) were fabricated. Figure 7 shows the SEM images of the actuators and scaling cantilevers successfully suspended on the anchors. Figure 8 shows the close-up SEM image of the tip of the high aspect ratio (∼3:1) metallic structure of the sub-micron actuator. It shows the width of the hot arm of 350 nm, which is measured using SEM.
Characterization
Amount of displacements of most MEMS devices can be easily measured using a typical optical probe station. However, such a technique becomes difficult to apply for the characterization as temperature fluctuation and particles. Manipulation of samples smaller than a few micrometers in size demands a technology that at present is not common. In this work, in order to characterize the displacement characteristics of the metallic electrothermal actuators, we loaded samples into an SEM chamber with the S100 nanomanipulator system (Zyvex Corp, Richardson, TX) 1 . The SEM with the S100 system not only provides very high-resolution images, but also provides a controlled characterization environment for the sub-micron actuators. A series of SEM still images were taken during the operation of the sub-micron actuators and the amount of the displacement was measured on the screen using the reference lines and the distance-measuring feature of the SEM. The minimum resolution of the SEM used in the characterization is approximately 10 nm.
A dc power supply was employed to apply a voltage to the actuator through the two probes of the S100 system. The exact amount of displacement of the actuator at any applied voltage was obtained by taking SEM images. Figure 9 shows the amount of the displacement at the tip of the actuator as a function of the applied voltage. It is, of course, clear that the longer hot arm generates the larger deflection at the same applied voltage. Reproducible deflections of up to 370 nm are observed up to 145 mV for the actuator with L HOT = 38 µm. The corresponding maximum current consumption was 3.35 mA and the maximum power consumption was 0.485 mW. The maximum voltage applied to the type B actuator was 181 mV, which corresponds to the maximum current of 6.5 mA and the maximum power consumption of 1.17 mW. The measured in-plane tip displacement of the type B actuator was 81 nm.
The measured values are compared with ANSYS FEM simulation results and they are in reasonable agreement. The solid lines represent FEM simulation results and the dotted lines represent the measured results. Slight deviations between the measured and simulated values are observed for both thermal actuators. These may be due to the temperature dependence of the thermal conductivity which was assumed to be constant in the simulation [5] .
Conclusions
We have successfully fabricated and characterized high aspect ratio sub-micron metallic electrothermal actuators using electron beam lithography and electroplating techniques. To obtain high aspect ratio metallic structures, a PMMA resist with a thickness of 1 µm was investigated. Aspect ratios as high as 3:1 were obtained with the PMMA resist, which enabled the fabrication of electrothermal actuators with hot arm widths of 350 nm. The reproducible displacement of 370 nm and 81 nm for the actuator with L HOT = 38 µm and L HOT = 24 µm was achieved, respectively. The results are in reasonable agreement with those of the finite element analysis.
The high aspect ratio sub-micron electrothermal actuators are expected to be used for more sophisticated submicron/nano-scale electromechanical systems which can physically hold and move nano-scale objects. The ultimate goal of the work is to realize precise nano-scale end-effector which can be assembled into a conventional macroscopic robotic system using an micromachined intermediate medium.
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